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As in other hilly and mountainous regions of the world, the hillslopes of Bujumbura are prone to landslides. In this area, landslides 
impact human lives and infrastructures. Despite the high landslide-induced damages, slope instabilities are less investigated. The aim of 
this research is to assess the landslide susceptibility using a probabilistic/statistical data modeling approach for predicting the initiation 
of future landslides. A spatial landslide inventory with their physical characteristics through interpretation of high-resolution optic ima-
geries/aerial photos and intensive fieldwork are carried out. Base on in-depth field knowledge and green literature, let’s select potential 
landslide conditioning factors. A landslide inventory map with 568 landslides is produced. Out of the total of 568 landslide sites, 50 % of 
the data taken before the 2000s is used for training and the remaining 50 % (post-2000 events) were used for validation purposes. A land-
slide susceptibility map with an efficiency of 76 % to predict future slope failures is generated. The main landslides controlling factors 
in ascendant order are the density of drainage networks, the land use/cover, the lithology, the fault density, the slope angle, the curvature, 
the elevation, and the slope aspect. The causes of landslides support former regional studies which state that in the region, landslides are 
related to the geology with the high rapid weathering process in tropical environments, topography, and geodynamics. The susceptibility 
map will be a powerful decision-making tool for drawing up appropriate development plans in the hillslopes of Bujumbura with high 
demographic exposure. Such an approach will make it possible to mitigate the socio-economic impacts due to these land instabilities.
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1. Introduction
Tropical Africa, especially the East African Rift Valley region is more susceptible to land-
slides [1]. Heavy rainfalls with rapid weathering partly explain the high distribution of landslides [2]. 
Moreover, steep topography associated with uplifting, high weathering tropical environment, and tec-
tonic fault systems would be the main cause of slow-moving deep-seated landslides of the region [3].
The mountains region of the North Tanganyika-Kivu Rift (also called NTK Rift) where sit the 
hillslopes of Bujumbura are characterized by a scarcity of landslides data [4, 5]. One of the reasons for 
this landslide data-scarcity is the low capacity of the local government [6]. Spatial landslides data col-
lection is constrained with persistent clouds and rapid vegetation growth which hinder an obvious in-
terpretation of satellite images/aerial photos [7–9] and the difficult conditions of field accessibility [5].
In addition, the hillslopes of Bujumbura are susceptible to slope failures as shown in re-
gional landslide distribution carried out on the NTK Rift [4, 10]. However, in these hillslopes, 
a reliable landslide inventory and accurate landslide susceptibility still lacking. Focussing on local 
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context, only 89 landslides have been already inventoried [11]. As a result, landslides damage each 
year and cause human life losses. The most striking example is the event of 9 February 2014 where 
more than 70 people died and countless infrastructures were destroyed during clusters of landslides 
triggered by long-term rains and which developed into debris flash floods. In-depth studies of land-
slide susceptibility at regional and local levels are needed and will reduce damages.
The susceptibility assessment carried out at the regional scale shows that Rwenzori Moun-
tains (Uganda) are subject to landslide processes [12]. These mountains are located in the NTK rift 
as the hillslopes Bujumbura with the same geomorphic/dynamic context. Local studies carried on 
a part of the study [11, 13] show the high landslide susceptibility where the steep slope, the weathering 
gneiss, and the Rift sediments, the fault system are the main geo-environmental landslide drivers.
To carry out this research, let’s use a bivariate probabilistic/statistical approach especial-
ly the Weights of Evidence another to predict future landslides initiation. This study focuses on 
the hillslopes of Bujumbura, where landslide destruction/human losses are highly observed in 
Burundi [14]. Our approach assumes that current landslide susceptibility is not complete due to the 
underestimation of landslides used during its development. The assumption is based on low input 
data i. e. landslides used for model processing (only 89 landslides) in the area within more than 
hundreds of slope failures [11].
The landslide susceptibility map will be, therefore, an effective tool for the civil protection 
authorities in charge of the early warning system to mitigate the damages and human lives losses. 
It will be a tool for planners to better grasp high-risk areas where many efforts will be highlighted 
during land-use management.
2. Description of the study area
The study area is located in the western of the East African Rift and the west of Burundi within 
491 km2 (Fig. 1). The population is high (>500 inhab/km2) and the highest concentration is on the west 
side (extension of the city of Bujumbura). The elevation range is between 759 m to 2467 m above sea 
level (a.s.l.) over a distance of ~15 km, which explains the steep topography where slopes reach 76°.
The study area is a humid tropical climate with a wet season (September – May) alternating 
with the dry season (June – August). The average annual precipitations and temperatures are respec-
tively 1400 mm and 19 °C. The long rainy season during nine months per year explains a high den-
sity of the hydrographic network with active rivers. The region is in an uplifting context. The rivers 
cross and incise the steep topography, resulting in a high number of landslides and bank erosion [14].
The low topography is located in the far West followed by steep topography associated with 
recent tectonic uplift with active faults system oriented to North-South [15]. The Eastern is mo-
derate slopes of a relict landscape.
Fig. 1. Location map of the study area
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The lithology is dominated by complex rocks of Precambrian age (gneiss, quartzite, and me-
taquatzite) with magmatic intrusions (granite, pegmatite) in most of the study area. In the contact 
of the plain and hillslopes, there are deep rift sediments of the Pleistocene age. Land use/cover is 
made by three units: (1) the built-up area linked to the rapid extension of the city of Bujumbura as 
a result of high demographic pressure in the recent decades linked to rural exodus, (2) the forest 
in the Eastern which is gradually disappearing towards the west to cope with human activities and 
(3) agricultural land with low to moderate vegetation and scattered trees in the center of the study area.
3. Methods
The landslide susceptibility analysis follows the principle of uniformity which states that 
future landslides will occur under similar conditions to the past [16]. Let’s firstly identify potential 
landslide conditioning factors. The landslides controlling factors was selected based on the litera-
ture review and a thorough knowledge of the study area as suggested in [16]. Eight controlling fac-
tors are selected including the slope aspect, the curvature, the slope angle, the drainage line density, 
the elevation, the fault density, the land use/cover, and the lithology (Fig. 2, 3).
Fig. 2. Input thematic layers:  
a – the slope aspect; b – the curvature; c – the slope angle; d – the drainage density
Fig. 3. Input thematic layers:  
a – the elevation; b – the fault density; c – the land use/cover; d – the lithology
The first five (Fig. 2, 3, a, b) were performed with adequate and accurate topographic data, 
a 10-m Digital Elevation Model (DEM) from orthomosaics provided within the framework of the 
cooperation between the European Union and the Republic of Burundi in 2012. The 10-m DEM 
is suitable for the accuracy required within this study. The layers of fault and lithology have been 
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obtained by the digitization of the geological map at 1/50000. Land use/cover layer was obtained 
by digitizing the different classes on aerial ortho-photographs (0.5-m of spatial resolution). 
The five topographic factors and fault density (continuous variables) were reclassified according 
to Natural Breaks (Jenks) while the land use/cover and the lithology (categorical variables) were 
reclassified according to their normal units (Fig. 3, c, d).
The landslide inventory is the main component of any landslide susceptibility assessment. 
Subsequently, an inventory of all landslides is carried out. The characteristics, spatial mapping, and 
inventory of different landslides type in the hillslopes of Bujumbura were first identified using the 
interpretation of high-resolution aerial ortho-photographs (0.5 m) and the google earth and then 
completed and validation with intensive fieldwork (Fig. 4). A new data catalog with 584 landslides 
is provided (Fig. 4) classified according to [17] in flowslides, planer/rotational slides, and rockslides.
Fig. 4. Location of landslides in the study area
To perform the landslide susceptibility, the Weights of Evidence method is used. It is a pro-
babilistic approach that involves determining the probability of a region undergoing future land-
slides. This indirect mapping approach characterizes the extent of occurrence of landslides based 
on their conditioning factors [18]. In order to achieve this model, let’s integrate landslides condi-
tioning factors into GIS and then converted to raster integer before being subjected to the statistical 
treatments. Let’s calculate then the landslides posterior probability using relationships between 
independent predictive variables and landslide distribution.
Let’s calibrate the model with a part of the landslide inventory (training sites) and another 
part for validation (testing sites). According to [19], there is no universal rule for selecting the ratio 
of testing/training dataset. In our case, the model we used 50 % of landslides (284 training sites) and 
validated with the remaining 50 % (284 testing sites). The calibration landslides were not selected 
randomly but according to the period of spatial occurrence i.e. triggered before the 2000s and there-
fore independent of testing landslides initiated afterward. The differentiation of landslides timing was 
done using Google Earth imageries available from the 2000s to the present and field investigation.
The model performance was calculated using the Weights of Evidence model and GIS. 
To compare the landslides factors, the performance by removing one by one was calculated, as was 
performed in Costa Viola mountain ridge [20]. Low accuracy indicated that the removed factor is 
more important and vice-versa.
For validation, let’s automatically calculate the Conditional Independence Ratio (CIR) 
to validate if landslides controlling factors are independent of each other. CIR>1 indicated that 
there was independence between variables in the model [21]. Finally, let’s calculate the Area 
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under Curves (AUC) using Success Rate Curve (SRC) and Predictive Rate Curve (PRC). According 
to [21], the accuracy ≥50 % is acceptable for landslide susceptibility modeling. The data collection 
and treatments carried out for landslide susceptibility mapping are drawn flowchart of the Fig. 5.
Fig. 5. Flowchart of methodology used in this study
4. Results
The recombination of the independent variables shows the ascending order is as follows the 
drainage density, the land use/cover, the lithology, the fault density, the slope angle, the curvature, 
the elevation, and the slope aspect. These are the landside controlling factors in the study area. This 
result is broadly similar to the previous study, except that the order often changes [13]. For example, 
the lithology, the fault density and the drainage were highlighted as the main controlling factors 
previously at a regional scale and locally [5, 13].
The relatively low weighting of the slope angle would be that shallow landslides were not 
considered in this study as training datasets (Fig. 4). In fact, it is dealt with landslides initiated 
before the 2000s for training sites. Or old landslides are deep-seated because, in the landscape, 
shallow landslides disappeared in few years (generally two) due to rapid erosion and rapid weather-
ing processes [4], whereas they are more gravity-induced and sensitive to climatic and geoenvi-
ronmental constraints [22]. This low correlation of slope angle to deep-seated landslides comes 
to support the reason that in the hillslopes of Bujumbura, old deep-seated landslides are not espe-
cially gravity-driven but rather to other facets such as the geodynamics process as proved in the 
region [10]. In this study, let’s evidence it through a good correlation of landslide distribution with 
the fault system. The land use/cover not considered previously in the multi-criteria analysis [13] 
shown however a high control of landslides. This shows that it is a significant landslide controlling 
factor that should not be ignored.
The low controlling factors are the elevation and the slope aspect. The lack of slope aspect 
control in landslide occurrence was previously predicted in a regional study [12]. The own reason 
is that the region belongs to the tropical climate where slopes are exposed to the sunlight in the 
same way and therefore receive the same quantity of precipitations. There is no obvious variability 
in landslide occurrence associated with the slope aspect. For elevation, the lack of landslide control 
would be related to the small scale of the study which implies insignificant climatic variations.
The CIR calculated is 1.1 (>1) i. e. the variables are independent [21]. The Weights of 
Evidence experiment is 0.706 i. e. the model predicts known landslides (before the 2000s) with an 
accuracy of 70.6 %. This is a satisfactory value as it is more than 50 % [21]. The corresponding 
probability map was then generated. In order to simplify the resulting probability map, the proba-
bility values were reorganized into five classes using the Natural Breaks (Jenks) classification 
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Fig. 6. Landslide susceptibility map
In order to test the validity of the Weights of Evidence model, let’s analyse the pos-
terior probability map using the Predictive Rate Curve (PRC), which are the most important 
means of evaluating the landslide susceptibility map. The PRC is 76 % for predicting landslide 
initiated after the 2000s (Fig. 7). This value (>50 %) is valid to assess the landslide suscep-
tibility [21].
Fig. 7. Success/Predictive Rate Curve for model performance
The Weights of Evidence model showed that the areas of the very low, low, mo-
derate, high, and very high landslide susceptibility represent 23 %, 11 %, 16 %, 19 %, and 
31 % respectively. The landslide distribution showed that 19 % and 50 % of the landslide in-
ventory (post-2000) fall in the high and very high landslide susceptibility areas respec- 
tively (Fig. 8).
This allows to validate the model performance. The very high landslide susceptibility 
is supported by several destructions observed in the hillslopes of Bujumbura (roads, schools, 
houses, hydroelectric power stations, markets, sanitation, etc).
The susceptibility map of Fig. 6 shows the western part more susceptible to future slope 
failures. In this region, the areas around the main rivers are more prone to landslides. However, 
it is part very stressed for the expansion of the city of Bujumbura. Authorities must be careful when 
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Fig. 8. Percentage of landslides occurred in each landslide susceptibility class
5. Discussion of experimental results
The inventory of 568 landslides over 491 km2 means a density of ~1.2 landslide/km2. 
This figure is higher than what is known, i. e. 243 landslides all over Western Burundi in 
which 89 are only located in the study area [11]. The susceptibility map shows that the areas 
susceptible to future landslide initiation are 50 % of the study area (Fig. 6). The proportion is 
very high for a densely populated area and therefore local authorities must closely follow the 
landslide hazard.
The available susceptibility maps were performed using expert methods [11, 13]. They 
took into account some predisposition factors such as the slope angle, geology, and drainage [11]. 
The present study used the statistical method with eight conditioning factors (Fig. 2, 3). For 
model performance, previous studies have not calculated it for comparison with the new ap-
proach. Let’s note only that the number of landslides used for validation is more than six times 
lower than the one used in the present study.
This research was limited to the development and analysis of the susceptibility map from 
the available data. In order to reduce the damages, a landslide risk/vulnerability assessment must 
be envisaged. To implement it, new data collection on the exposure will be needed and will require 
time and money.
The method used is effective. The disadvantage of this study is that predisposition factors 
while ignoring the triggering factors are used. It is known that in the NTK Rift region, rainfall is 
the main landslide trigger [2]. The insertion of the rainfall component would increase the reliability 
of the prediction map. To deal with this problem, it would be better to install weather stations in the 
study area in order to collect rainfall density data.
The present study is the first step for the development of the landslide risk/vulnerability 
map useful in disaster risk reduction strategies. The difficulty with this approach as well as other 
ma thematical models is that they provide a posteriori probability at a specific threshold, for our 
case 76 %. Even if the value is statistically significant, the remaining 24 % cannot be ignored. 
Moreover, the model does not integrate the temporal aspect, we do not know when the landslide 
will occur to take precautions in real-time. Therefore, the early warning system must always re-
main vigilant to ensure a strict follow-up of landslides.
6. Conclusion
In order to predict/reduce potential slope instabilities and their damages in the hillslopes of 
Bujumbura, research on the landslides inventory, characterization, and susceptibility assessment 
has been carried out. The landslide susceptibility achieved with 568 landslides and eight condi-
tioning factors is assessed. The landslide susceptibility is valid at 76 % to control future land-
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This study was limited to a general assessment of landslide susceptibility but could 
be extended to risk/vulnerability assessment. The provided landslide susceptibility map will 
help urban planners for disaster risk reduction strategies and billions of dollars lost every year 
could be saved.
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